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ABSTRACT

Doping in the chalcopyrite Cu(In,Ga)Se; is determined by intrinsic point defects. In the ternary CulnSe;, both N-type conductivity and P-
type conductivity can be obtained depending on the growth conditions and stoichiometry: N-type is obtained when grown Cu-poor, Se-poor,
and alkali-free. CuGaSe;, on the other hand, is found to be always a P-type semiconductor that seems to resist all kinds of N-type doping, no
matter whether it comes from native defects or extrinsic impurities. In this work, we study the N-to-P transition in Cu-poor Cu(In,Ga)Se;
single crystals in dependence of the gallium content. Our results show that Cu(In,Ga)Se; can still be grown as an N-type semiconductor
until the gallium content reaches the critical concentration of 15%-19%, where the N-to-P transition occurs. Furthermore, trends in the
Seebeck coefficient and activation energies extracted from temperature-dependent conductivity measurements demonstrate that the carrier
concentration drops by around two orders of magnitude near the transition concentration. Our proposed model explains the N-to-P transition
based on the differences in formation energies of donor and acceptor defects caused by the addition of gallium.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0091676

I. INTRODUCTION

Despite sharing a similar electronic structure, one of the most
puzzling differences between CulnSe; and CuGaSe; is the fact that
the former can be intrinsically doped N or P-type, while the latter is
always a P-type semiconductor regardless of the growth conditions
or deviations from molecularity and valence stoichiometry.' In the
ternary CulnSe;, there are three main parameters involved in deter-
mining its conductivity type: (I) the overall copper content,” (II) the
selenium pressure during or after growth,” and (III) the presence
of alkali metals.”” In order to achieve N-type CulnSe;, the sample
must be alkali-free, have been grown under low Se pressure, and
be either Cu-poor or close-to-stoichiometric.”® Each of these con-
ditions on its own has the capability to change the conductivity type
from N to P, i.e,, having a Cu-rich composition, adding alkali met-
als either through a postdeposition treatment or from the soda lime
glass,” or annealing under a high selenium pressure,” would result in
a P-type CulnSe;. Single crystals grown by metalorganic vapor phase
epitaxy (MOVPE) comply with all three conditions to obtain N-type

conductivity. As the selenium overpressure in MOVPE is consid-
erably lower than in a co-evaporation,” and the fact that selenium
cannot be supplied during the cool down stage, it has been shown
that alkali-free CulnSe; single crystals grown by MOPVE are always
N-type regardless of the Se partial pressure used during growth as
long as the composition is Cu-poor.*

In the case of CuGaSe;, Zunger et al. have performed exten-
sive theoretical studies on the possibility to achieve N-type doping
by extrinsic impurities, such as H, Cd, Zn, Mg, Cl, and other
halogens” '’ and found that none of them can effectively produce
an N-type behavior. A more recent theoretical study on Zn-doped
CuGaSe; suggested that N-type behavior could only be achieved
if Zn would substitute copper sites, as the partial or total occupa-
tion of gallium sites by Zn would result in a P-type material.'! In
the case of H-doped CuGaSe;, Han et al. concluded that only the
incorporation of H from an atomic source like a hydrogen plasma
treatment could invert the conductivity from P to N-type.'? Experi-
mentally, group IV elements, such as Ge'® and Si,'* have been used
in attempts to dope CuGaSe, N-type. In both cases, the dopants
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were found to create donor states that involve donor-acceptor pair
recombination; however, the bulk conductivity remained P-type.'”
The fact that CuGaSe; resists N-type doping has been pointed out
as a part of a general trend in semiconductor families, where the
wider-bandgap member exists often in only one doping type, like
AIN when compared to GaN and InN, due to the so-called “doping
limit rule.””'

The fact that CulnSe; can be grown as an N-type semiconduc-
tor under Cu-poor conditions and that CuGaSe; is always P-type,
indicates that within Cu-poor Cu(In,Ga)Se; exists a transition point
caused by the alloy with gallium. The aim of this work is to provide
experimental evidence of such a transition and to understand the
reasons for the change in the type of majority carriers. In order to
carry out this investigation, several Cu(In,Ga)Se; single crystals of
around 530 nm thickness were grown by metalorganic vapor phase
epitaxy (MOVPE). Since the presence of alkalis and the Cu-content
plays a crucial role in determining the conductivity type, the cop-
per content of all the Cu,(In,Ga)Se; single crystals was restricted to
0.8 < y < 0.9, while the presence of alkalis was suppressed by using
undoped GaAs wafers as a substrate.

Il. METHODS

The Culn;_xGa,Se; single crystals used in these experiments
were grown by metalorganic vapor phase epitaxy (MOVPE) on
semi-insulating 500 ym thick (100)-oriented GaAs 2 in. epi-ready
wafers at 520 °C and 90 mbar. A two-step growth process was imple-
mented in order to finely tune the gallium content. After growth,
the samples remained in an N;-filled glove box. All characteriza-
tion techniques were carried out on bare absorbers freshly cleaved
from the wafer. Details of the heteroepitaxial growth, cross section
scanning electron microscopy images, and a secondary-ion mass
spectrometry analysis of selected samples can be found in Sec. S1
of the supplementary material.

Photoluminescence spectra were obtained by exciting bare
absorbers with a 660 nm diode laser and collecting the emitted pho-
toluminescence into an InGaAs array spectrometer. All measure-
ments were performed at room temperature and spectrally corrected
using a calibrated halogen lamp.

Temperature-dependent conductivity measurements were per-
formed in a closed-cycle cryostat. Samples of 0.6 x 0.6 mm? were
prepared in the Van der Pauw configuration by evaporating trian-
gular gold contacts with a thickness of 150 nm. For the Seebeck
coefficient measurements, rectangular pieces of each sample were
cleaved and mechanically pressed onto a home-made setup consist-
ing of two copper pieces (one thermalized at room temperature and
one heated). Details of the setup can be found elsewhere.'”

Energy-dispersive x-ray spectroscopy was carried out at 5 kV,
and the L-line of all elements was used for quantification. No traces
of arsenic were detected at this acceleration voltage, ensuring that the
gallium atomic percentage measured was not affected by the GaAs
substrate.

XPS measurements were carried out using a hemispherical
energy analyzer from Prevac (EA15) with a 2d detection sys-
tem MCP/camera detector. The energy analyzer is assembled in
the UHV analysis chamber from Scienta Omicron. A Ko x-ray
source with a photon energy of 1486.6 eV was used in these mea-
surements. The survey spectra were collected using a straight slit
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2.5 x 25 mm?, pass energy of 200 eV, and energy step of 0.192 eV.
The samples were mounted in the same sample holder using the
same ground connection and then transferred without air expo-
sure from a glovebox to the UHV XPS chamber under an inert gas
transfer system.

I1l. RESULTS AND DISCUSSION

Since the determination of the gallium content was of utmost
importance for the purpose of this investigation, different tech-
niques were used to measure the percentage of Ga present in each
sample. Since an increase in the bandgap due to the shift of the con-
duction band (CB) is expected for higher gallium contents,'®'” it
is possible to approximate the Ga concentration from the optical
bandgap dictated by the position of the maximum of the photo-
luminescence (PL) spectrum and the experimentally determined
expression: Eg = 1.01 +0.626x — 0.167x(1 — x), where x is the Ga
content.”” Figure 1(a) displays the normalized PL spectra of all seven
Culn;_xGaySe; single crystals from which the gallium content was
determined by the position of its maximum. Table I summarizes
the samples’ elemental composition determined by energy dispersive
x-ray spectroscopy (EDX) and photoluminescence. The average of
these quantities was rounded and used as the characteristic gallium
content of each sample. Some samples were also analyzed by x-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy, which
showed elemental compositions in agreement with the already deter-
mined by EDX and PL. Details of the XPS quantification and the
Raman analysis can be found in Sec. S2 of the supplementary
material.

Once the gallium content of each sample was determined, the
Seebeck coefficient (S = ~AVy/A), which measures the thermo-
electric voltage Vry generated as a response to an applied temper-
ature difference AT, was measured in order to investigate the type
of majority carrier. Negative values of S indicate that electrons are
the majority carrier (N-type), and positive values indicate that con-
duction is carried by holes (P-type). The slope of the measured
thermovoltages as a function of temperature gradients is equal to
the Seebeck coefficient. Linear fits are presented in Fig. 1(b) for all
investigated samples. These measurements confirmed the expected
N-type character of the samples with the lowest gallium contents;
however, a clear change in the thermoelectric behavior can be seen
for gallium contents higher than 15%. First, the sign of the See-
beck coefficient changes from negative to positive (values listed in
Table I), indicating that the majority carrier changes from electrons
to holes (N to P transition). Furthermore, the magnitude of the See-
beck coefficient increases, which suggests that the Fermi level (Er)
has moved further away from the respective band edges since the
Seebeck coefficient is defined in terms of the semiconductor energy
levels as™

k3(5 EF—EC)
Sn:_* —+re— 5

q 2 £ kBT
s -"i(§+r 7EV‘EF)
P q 2 h kBT ’

For an N-type (S,) and P-type (Sp) semiconductor, kg is the Boltz-
mann constant, g is the elementary charge, ., is a term that depends
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FIG. 1. Normalized photoluminescence spectra of all the Culns_,GaxSe, samples
showing the expected blue shift for higher gallium contents corresponding to the
increase in bandgap (a). Seebeck coefficient determination (data shifted vertically
for clarity) (b). The same color code applies to both figures.
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on the carrier scattering mechanism, Er is the Fermi level, and Ev,c
is the corresponding valence or conduction band energy. Values
of the Seebeck coefficient for the strongly N-doped samples are in
agreement with previous reports.’!

In order to corroborate the apparent decrease in carrier con-
centration after the transition from N to P, an analysis of the
electrical conductivity (¢) at room temperature and its temperature-
dependency for selected samples was carried out, and the activation
energy (Ea) was determined from the Arrhenius plot in Fig. 2(a).
All the N-type samples analyzed were found to be more conducive
and to have lower activation energy (41-76 meV) than the P-type
ones (296-431 meV). Details on the determination of the activa-
tion energies can be found in Sec. S5 of the supplementary material.
This difference in activation energy is probably due to the nature
of the defects involved in the conductivity, first shallow donors and
then deeper acceptors (as shallow acceptors are likely compensated).
The low activation energy of the N-type samples, nonetheless, could
partially be due to the influence of the thermally activated mobil-
ity, as activation energies in the range of 3-20 meV have been
reported.” The measured increase in conductivity and activation
energy supports the Seebeck coefficient trend of decreasing carrier
concentration as the gallium content increases toward the N-to-P
transition. In order to figure out whether the high activation energy
was a characteristic of higher Ga contents only, a P-type sample with
a 7% gallium content was also analyzed. To achieve this, a potas-
sium fluoride post-deposition treatment (KF-PDT) was performed
on the N-type absorber in order to change the conductivity type
to P. The N-to-P type inversion was confirmed by the change in
the Seebeck coefficient from —0.346 mV/K (N-type) to 0.671 mV/K
(P-type) after the KF-PDT. The Seebeck coefficient measurements
and more information regarding the type inversion caused by potas-
sium in CulnSe; single crystals can be found in Ref. 22. It is worth
mentioning that the reported Seebeck coefficient of —0.346 mV/K
for the N-type sample is almost the same as the one reported herein
for a 6% Ga (-0.36 mV/K). Despite the low Ga content, the activa-
tion energy of the P-type KF-treated sample was still considerably
larger than the E5 of its N-type counterpart, suggesting that the
high activation energies measured are actually a consequence of the
majority charge carriers being holes (and their concentration) and
not because of the increase in Ga content itself. A similar observa-
tion in pure CulnSe; has been reported when the N-to-P transition
is caused by the copper content.”

TABLE |I. Copper content, gallium percentage determined by different techniques, and Seebeck coefficient of all the

Cu(In,Ga)Se; single crystals investigated.

Sample Ga% Ga% Ga% Ga% Seebeck
name Cu/(In + Ga) EDX 5kV PL average XPS coefficient (mV/K)
CIGSe298 0.86 5.2 0.0 3 .. -0.58 + 0.01
CIGSe295 0.89 7.0 5.2 6 6.0 -0.35+0.01
CIGSe296 0.89 104 8.8 10 10.0 -0.20 + 0.04
CIGSe297 0.88 14.7 14.5 15 14.0 -0.50 + 0.01
CIGSe299 0.88 19.5 18.8 19 20.0 0.80 + 0.16
CIGSe304 0.83 24.0 21.6 23 6.90 + 0.54
CIGSe305 0.82 29.2 25.2 27 295+ 0.07
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FIG. 2. Temperature-dependent conductivity measurements of N and P-type
Cu(In,Ga)Se; single crystals (a). Best fits to the measured data are shown as dot-
ted lines from which the activation energies were extracted. Determination of the
carrier concentration from measured conductivity values for two different carrier
mobilities (b).

From the measured conductivity values at room temperature
and using p(n) > n(p), we can estimate the carrier concentration
as p(n) = 0/qu(.), where q is the elementary charge and g, is the
hole (electron) mobility. Values of y, between 40 and 200 cm?/V
s measured by Hall have been reported for N-type CulnSe; single
crystals grown by MOVPE with Cu contents ranging from 0.8 to
0.9,* while values of Yy in close-to-stoichiometry CuGaSe; samples,
between 20 and 150 cm®/V 5"’ Carrier mobility in both ternaries
is strongly dependent on the Cu content, as it has been demon-
strated to increase toward Cu-rich compositions.”** Figure 2(b)
shows the estimated carrier concentration for the same set of N
and P-type samples for two different mobility values. By taking u,
= 200 cm?/V s, the carrier concentration of the N-type samples is
estimated to be around 1.3 x 10" to 1.4 x 10'® cm™>; the P-type

ARTICLE scitation.org/journal/apm

samples, on the other hand, are found to have carrier concentra-
tions around two orders of magnitude lower for hole mobility of
w, =20 cm?/V s. These electron and hole mobilities were chosen
based on reported values for CulnSe, and CuGaSe; single crystals
grown by MOVPE and with copper contents similar to the studied
samples."”’ Indeed, reported carrier concentrations for N-type sin-
gle crystals agree with our findings on the magnitude of n being in
the order of the 10'® cm™."% Carrier concentration in CuGaSe,,
on the other hand, has been reported to drastically decrease from
around 10 to 10" cm™ below the stoichiometric point due to
an increase in the degree of compensation,”””® in agreement with
our estimated hole carrier concentrations of around 1.1 x 10" to
8.9x 10" ecm™.

As a way to confirm that the transition from N to P hap-
pens at gallium contents between 15% and 19%, x-ray photoelectron
spectroscopy was used to analyze the change in the binding energy
of the constituent elements. Since a considerable change in con-
ductivity happens at the N-to-P transition, a shift in the binding
energy would be expected due to the electrostatic difference in the
interaction between specimen and spectrometer and surface charge
accumulation.”””* Similarly, XPS has been used to study doping
changes in moderately doped N and P-type silicon.”” Figure 3 shows
the Cu2p, In3d, Ga2p, and Se3d binding energies of samples with
gallium contents close to the N-to-P transition region. As can be
seen, a considerable difference in the binding energy of ~1.6 eV
was measured in the sample containing 19% gallium with respect
to the other samples with lower gallium contents. Since the shift
was not only in one specific element but also in all the constituents,
we attributed this to the change in conductivity due to the N-to-P
transition rather than to a change in the chemical environment of a
specific element.

So far, we have demonstrated that the conductivity type due
to the addition of gallium to CulnSe; changes from N to P-type
when the gallium content is between 15% and 19%, but we have not
addressed the explanation behind this observation. The electronic
structure of both CulnSe; and CuGaSe; ternary compounds is sim-
ilar: at least two shallow acceptors (denoted as Al and A2) located
at 40 (A1) and 60 meV (A2) away from the valance band (VB) in
CulnSe;, and 60 (A1) and 100 meV (A2) in CuGaSe;,; and a shallow
donor (D1) at 10 meV below the conduction band for both cases.””!
Theoretical studies™ " have assigned the origin of these electronic
states to intrinsic point defects in the chalcopyrite crystal structure:
Al — Cuvacancies (Vcy), A2 — Cu on an In/Ga site (Cuyy), and D1
— Cu interstitial (Cu;) or In on a Cu site (Incy). For a more in-depth
overview of defects in Cu(In,Ga)Se;, the reader is referred to the
review by Spindler et al.’' Experimentally, neutron powder diffrac-
tion has been used to determine defect concentrations of alkali-free
CulnSe,, finding that the N-type character of Cu-poor samples is
given by the shallow donor Inc, substitutional defect,” which goes
along with its theoretically calculated low formation energy’ >

The probability of the formation of defects depends on the
chemical potential (Au) of the constitutional elements, which, in
turn, depends on the crystal growth conditions. In the work of
Pohl and Albe, the formation energies of intrinsic point defects in
both CulnSe; and CuGaSe; were calculated for different chemical
potentials.”” For selenium-poor, Cu, and In-rich conditions (Apin
= -0.2 eV and Apcy = 0 eV, point D in Fig. 1-up®?), the intrinsic
Fermi level in CulnSe, was found to be closer to the conduction
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concentration of 15%-19%. The shift in
binding energy is associated with the
change in conductivity type from N-to-P.
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band. On the contrary, under the same conditions (most Se poor
point at Auga = —0.3 eV, point D in Fig. 1-down™), the intrin-
sic Fermi level in CuGaSe, was found to be below midgap. Thus,
the theory also predicts an N-to-P transition due to the addition of
Ga. Therefore, we analyzed the trends in formation energy of the
previously described donors and acceptors in order to understand
what happens at the critical gallium concentration of 15%-19%. The
validity of this analysis resides in the fact that changes in the chem-
ical potential would result in a shift of all formation energies but
would not affect the observed trends.

Since the formation energy of defects depends on the position
of the Fermi level, we first estimate Er using the carrier concen-
trations previously obtained and literature values for the effective
density of states” (details of the calculations can be found in Sec. S3
of the supplementary material). From this, we obtained that in the
case of the N-type sample with 15% gallium, Ef is ~160 meV away
from the CB, and in the case of the P-type sample with 19%, Er is at
360 meV from the VB. Figure 4(b) shows the position of the calcu-
lated Fermi level for these and other selected samples. Based on this
information, we proceeded to analyze the change in formation ener-
gies of A1, A2, and D1 in two situations: (A) from an N-type CulnSe;
(Er = 200 meV from CB) to an N-type CuGaSe; (Er = 400 meV
from CB) and (B) from an N-type CulnSe; (Er = 200 meV from CB)

Binding energy [eV]

to a P-type CuGaSe; (Er = 400 meV from VB). The values of 200
and 400 meV were chosen, assuming that the carrier concentration
would decrease further at the N-to-P transition region. A value of Er
=200 meV away from the CB would indicate a carrier concentration
of n = 2.8 x 10" cm™, while a value of Er = 400 meV away from
the VB of p = 2.6 x 10> cm ™. The values of the formation energies
were taken from Ref. 32, and the two cases are illustrated in Fig. 4(a)
(more details in Sec. S4 of the supplementary material). By analyz-
ing case A, it is possible to make the following deductions: With an
increase of gallium, (I) the formation energy of both possible donors
increases, (II) the formation energy of both acceptors decreases, and
(IIT) the formation energy of A1 approaches zero. As a result, N-type
CuGaSe; becomes very unlikely. For case B (which represents what
has been experimentally observed), we observe the opposite trend.
Interestingly, the defect with the lowest formation energy changes
depending on the gallium content. For Ga/(Ga + In) < 0.5, the accep-
tor Vcu dominates, but in higher gallium contents, the donor Illcy
has the lowest formation energy, which would go along with reports
of Cu-poor CuGaSe; being strongly self-compensated.**

From the previous analysis, we can explain our experimental
results as follows: When gallium is introduced to N-type CulnSe;,
the Fermi level starts to move away from the conduction band,
because due to the lower formation energy of acceptor-type defects,
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FIG. 4. Formation energy of the two possible donor defects lllg, and Cu; (red) and
the two shallow acceptors A1 and A2 (blue). The points for CulnSe; correspond
to a Fermi level 200 meV away from the conduction band (N-type) while two sets
of points are displayed for CuGaSe,, assuming an N-type (solid line) and a P-type
(dotted line), in both cases, the Fermi level is assumed to be 400 meV away from
the bands (a). All formation energies were taken from the work of Pohl and Albe.?
Band diagram showing the calculated Fermi level for N and P-type samples with
different gallium contents (b). The energy of the valance band is assumed constant
and the bandgap calculated according to the equation given in the text.

more acceptors are formed. If the conductivity remained N-type
(case A), further addition of gallium would result in the sponta-
neous formation of V¢, (formation energy approaching zero), which
would move the Fermi level below midgap, making the material
P-type, which is always the case in CuGaSe,. When the gallium
content reaches the critical concentration of 15%-19%, as the forma-
tion of acceptor defects becomes more energetically favorable, the
acceptor density (Na) overpasses the donors (Np), resulting in the
material changing to P-type. In this situation (case B), further addi-
tion of gallium would result in an increased degree of compensation
(K = Np/Ny4 for a P-type semiconductor) as the formation energy
of donor-like defects decreases. As an unavoidable consequence of

scitation.org/journal/apm

the increased degree of compensation, stronger electrostatic poten-
tial fluctuations would be expected as the gallium content increases.
Experimental evidence of this can be found in literature, where the
magnitude of these fluctuations (denoted as y) in CuGaSe, was
found to be greater than in CulnSe; for copper contents around 0.9
(ycgse = 29-36 meV and ycise = 15-28 meV).”” Our own studies
in stoichiometric alkali-free Cu(In,Ga)Se; single crystals*’ also sup-
port this implication as we have observed experimental evidence of
higher Urbach energies caused by electrostatic potential fluctuations
in Cu(In,Ga)Se; than in CulnSe;.

IV. CONCLUSION

In summary, we studied the N-to-P transition in Cu-poor
CulnSe; caused by the alloy with gallium. Our results demon-
strated that Cu(In,Ga)Se; can be intrinsically grown as an N-type
semiconductor as long as the gallium content is below the critical
concentration of 15%-19%. The transition from N to P-type was
confirmed by the change in the sample’s thermoelectric behavior
and the shift in binding energy measured by XPS. Furthermore,
by measuring electrical conductivity and taking estimated mobil-
ity, we found that the carrier concentration has a decreasing trend
toward the N-to-P transition region, dropping around two orders
of magnitude (from n ~ 1.3 x 10°-1.4 x 10" cm™ to p ~ 1.1
x 101*-8.9 x 10" cm™) when the material becomes P-type. By ana-
lyzing the trends in formation energy of donor and acceptor-like
defects, we concluded that the N-to-P transition due to the addition
of gallium is caused by (I) the more energetically favored forma-
tion of acceptor-like defects as the formation energy of acceptor
states decreases and of donor states increases and (II) the fact that
a Fermi level above midgap results in the instant formation of Vcu,
preventing N-type doping. With this work, we aimed at providing
experimental evidence and addressing the long-standing discussion
in the chalcopyrite community on the possibility to grow N-type
Cu(In,Ga)Se;.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details on the heteroepi-
taxial growth, XPS, Raman spectroscopy, Fermi level calculations,
and formation energies determination.
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