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Self-compensation of intrinsic defects in the ternary semiconductor CuGaSe
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Temperature-dependent Hall measurements have been performed on thin films of the ternary chalcopyrite
CuGaSe. Unintentionally doped samples and Na-containing samples are compared, as well as epitaxial and
polycrystalline ones. Acceptor activation energies and acceptor and donor densities are extracted. Activation
energies as well as defect densities vary over a wide range. We demonstrate that all samples are dominated by
the same defect with an activation energy of 150 meV in the infinite-dilution limit. It is shown that the degree
of compensation increases with increasing acceptor density. Thus direct evidence of self-compensation by
intrinsic defects is given. CuGageontaining Na shows the same defects as Cuga@hout Na: thus, it can
be excluded that the dominant effect of Na is the introduction of a new acceptor. In addition, reduced com-
pensation due to Na is not found; the net doping increases in spite of an increased compensation.

DOI: 10.1103/PhysRevB.69.045210 PACS nunider71.55—i, 71.22+1i, 72.20—i

[. INTRODUCTION havior being dominated by vacancies, interstitials, or
antisite® They are of practical interest due to their applica-
tion as absorbers in solar modulésind as nonlinear optical
Self-compensation refers to the observation that certaipaterials’'° Recently, they gained renewed interest as fer-
semiconductors “resist” being doped in a certain type or toromagnetic semiconductots?? Their electrical properties
sufficient doping levels. A review of this phenomenon can beyre governed by the Composition; most of them appem][d
found in the literaturé:? Most of the experimental investiga- n type depending on the deviation from stoichiometry.
tions in this field are concerned with extrinsic doping, andCuGaSe (Eg=1.7 eV), however, is intrinsically always
the observation regularly made is that the semiconductor catype. Only in a highly nonequilibrium experiment was it pos-
be either doped only or only n type or that the charge sible to obtaim-type CuGaSgby external doping® To our
carrier concentration does not follow the dopant concentraknowledge there is only one experimental work concerning
tion, but levels off at a certain dopant concentration. Theself-compensation in chalcopyrites: a photoelectron spec-
reasons for this effect include the formation of compensatingroscopy study revealed that upward shifting of the surface
intrinsic defects, either as individual defects or forming aFermi level by surface treatment leads to the loss of Cu from
defect pair with the dopant. Others, not involving intrinsic the surface, thus generating Cu vacancies, which are gener-
defects, are the amphoteric character of the dopant or insu&lly considered the main acceptor defects in chal-
ficient solubility. Very few experimental investigations are copyrites**>A thermodynamical model involving the elec-
available on the effect of self-compensation in intrinsicallytrochemical redox potential of Cu was put forward by the
doped semiconductors. The reason is obvious: it is difficulauthors explaining the dependence of the defect formation on
to control the concentration of doping defects and therefor¢he Fermi-level position? A detailedab initio calculation of
hard to detect the effect of self-compensation. A number ofiefects in chalcopyrite materiafs’ determines the defect
theoretical papers deal with the effect of self-compensatiofiormation enthalpy as a function of the Fermi level. For all
of and by intrinsic defects. A Fermi-level stabilization model donor-type defects the formation enthalpy increases with ris-
involving amphoteric intrinsic defects was first put forward ing Fermi level and for all acceptor-type defects it decreases,
for GaAs? This model was extended to a general doping rulethus giving a mechanism for self-compensation.
for 11-VI and chalcopyrite semiconductofsThe main point In this investigation we provide data on the self-
is that on an absolute energy scale there are universal staliempensation of and by intrinsic defects in CuGaSaue to
lization levels below(for p-type materigl or above (for  the use of different preparation methods and substrates, we
n-type material which the Fermi level cannot be moved. are able to vary the intrinsic doping over a wide range of
Thus materials with a high conduction band edge—i.e., lowconcentrations. This includes the use of polycrystalline films
electron affinity—will be much more difficult to dopetype  deposited onto soda-lime glass as used for solar cell applica-
since the Fermi level cannot be moved close to the condudions. To investigate self-compensation, temperature-
tion band edge and vice versa fotype materials with a low dependent Hall measurements are necessary because from
valence band edge. A microscopic explanation for these unthese the concentration of acceptors and donors can be ex-
versal Fermi energy stabilization levels involves the thermotracted. A first temperature-dependent Hall study of poly-
dynamic equilibrium betwee(intrinsic) defect formation en- crystalline chalcopyrites was presented by Kazmerski
thalpy and the Fermi levélthereby giving a mechanism for et al,'® but was not interpreted in terms of defect concentra-
the effect of the self-compensation. tions. Since then, no temperature-dependent Hall measure-
Ternary materials are prominent among those being intrinments of polycrystalline chalcopyrites have been published
sically doped. This includes chalcopyrites, their doping be-besides our own recent study where we presented mobility

A. Self-compensation
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datal® The present study presents the first analysis oElectrical transport investigations of these epitaxial films by
temperature-dependent Hall measurements of polycrystallindall measurements. For epitaxial films grown under varying
chalcopyrites, concentrating on detailed donor and acceptd@u excess it was demonstrated by temperature-dependent
data. So far, these measurements have only been availabieasurements that the mobility around room temperature is
for single crystals and epitaxial filnfS;%?for polycrystalline  always controlled by phonon scatteriffgzilms grown under
material only room-temperature data have been availableigh Cu excess maintain this down to 100 K, whereas films
(see, e.g., Meyeretal?®. Only one study on flash- close to stoichiometry show hopping transport at tempera-
evaporated CuGage thin films also investigated tures below 200—-250 K. The free charge carrier concentra-
temperature-dependent Hall measurements, but there the ftien as a function of temperature of these single-crystalline
cus was on comparison with single crystals, not on defecfilms was in this former pap&tinterpreted in terms of two
depths and concentratid. different acceptor energies at 130 and 80 meV. This was due
High concentrations of free carriers have been possibléo the assumption that the thermal defect activation energy
particularly by the use of soda-lime glass among other subhas to be constant in all the samples. That this is not the case
strates. It is well known that Na from the glass substratewill be discussed in this contribution. Another investigation
diffuses into the film at high temperatures during the growthturned towards the transport in polycrystalline CuGaSe
process, thereby increasing the free carrier concentratiofRef. 19: an activated behavior of the mobility was found
p.2>=27 All of these investigations have been performed onindicating potential barriers for majority carriers at grain
CulnSe, a chalcopyrite closely related to CuGaSeand its  boundaries of about 100 meV height. From the net doping in
alloy Cu(In,Ga)Sgwith low Ga content, but the mechanism the films and the barrier height the concentration of charged
is believed to be valid for the pure CuGa%es well. Sodium  defects at the grain boundaries was determined to be about
concentrations of 0.1% in the bulk and of a few percent atl0'? cm™2.
the surfaces have been foufict® Another important obser- In this paper we will present a detailed study of the trans-
vation is the influence of Na on the growth process: grairport properties of a large variety of different CuGa$iems
sizes increase by one order of magnitude when growing urprepared by different methodsicluding those discussed in
der the influence of Na compared to polycrystalline filmsour former papepswith a focus on defect concentrations and
grown on Na-free substratés®’?° Several models for the compensation.
increased free charge carrier concentration under the influ-
ence of Na have been put forwardfa) Na eliminates the
donor-type I, antisites, thereby reducing the compensation Il. EXPERIMENT

and increasingp (Refs. 30 and 31 (b) Na catalyses the  The epitaxial and polycrystalline films in this study are
formation of atomic oxygen, thereby allowing the elimina- prepared by metal-organic vapor phase epit@4OVPE)

tion of donorlike Se vacancies by B *An acceptorlike and by physical vapor depositioPVD). Details can be
substitutional @, defect was proposet, additionally in- found in Refs. 38 and 39.

creasingp: (c) Na forms an acceptorlike substitutional defect By MOVPE epitaxial films are grown on semi-insulating
Nay,, thus increasing.*® We will show in this contribution  (001) GaAs at substrate temperatures of 570 °C using cyclo-
that, at least in CuGage no hint was found from our de- pentadienyl copper tertiarybutylisocyanide, ditertiarybutyl
tailed study of the temperature-dependent Hall effect andelenium, and triethyl gallium as the Cu, Se, and Ga source,
photoluminescence emissions that Na introduces additionaéspectivew_ The typical thickness of these films is am.
defects or decreases the compensation. Nevertheless, the gl epitaxial quality has been shown by x-ray diffraction

doping is increased under the influence of Na. (XRD), electron channeling patterfECP, and scanning
electron microscop§f Growth rates are low, about 100
nm/h.

B. Doping in CuGaSe The PVD process produces polycrystalline and epitaxial

The doping and transport properties of polycrystalline andilms under the very same preparation conditions. Within one
epitaxial CuGaSg have been investigated befde®®3°A  process films can be grown on glass and on semi-insulating
detailed composition-dependent photoluminesceribé) (001 GaAs. Soda-lime glas$SLG) and alkali-free (AF)
study on epitaxial CuGa$dilms revealed the existence of glass AF45 are used. Thermal evaporation from single-
two acceptor levels at 60 and 100 meV from the valenceslemental sources of Cu, Ga, and Se in a single- or two-stage
band and of a shallow donor, 12 meV below the conductiomprocess at substrate temperatures above 500 °C is used to
band3® They show up in material grown under Cu excess a®btain high-quality films, which are also used as absorbers in
two donor-acceptofDA) pair transitions that transform into solar cells®*® Films grown by PVD are typically 1-1.%m
free-to-bound(FB) transitions at temperatures above 50 K.thick. Growth rates are high: 2Aam/h.

Ga-rich material shows the same DA transition, but broad- The epitaxial quality of the films obtained from the PVD
ened and with a redshift of the peak with increasing Ga conprocess is checked by scanning electron micros¢S&BM),
tent. This behavior is caused by an increasing degree of conxRD, and ECP. XRD shows totally oriented growth in the
pensation in these Ga-rich films which causes fluctuating001) direction: The only peaks obtained are 1082 and
potentials. We find the same PL spectra with the same conm004) peaks of the substrate and next to them (@4 and
positional dependence in polycrystalline films, as well. The(008 reflection of the CuGaSe SEM shows no hint of
assumption of a high degree of compensation is supported bhyosaicking, which can be finally excluded when analyzing
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FIG. 1. EC pattern of a CuGagélm grown by PVD onto(001) Kl
GaAs. Epitaxial growth is clearly seen by numerous and crisp lines |G, 2. Temperature dependence of the mobility of several
even out to the edges of the pattern. PVD-grown epitaxial films. The steep decrease of the mobility in-

o o ] dicates the transition to hopping transport at lower temperatures.
the EC pattern in Fig. 1. Epitaxial growth is proved by nu-

merous and crisp lines even out to the edges of the patter
To check for residual impurities ERD#lastic recoil de-
tection analysis (Refs. 41 and 4Rhas been performed on
epitaxial films from MOVPE and PVD. Both show only an
indication of H, C, and O at the surface and interface. Within
the film any impurity is below the detection limit of 10 ppm. . RESULTS
All films discussed in this study are grown under Cu ex-
cess. This leads to the formation of stoichiometric CuGaSe
and a second phase of CySe, which segregates to the  The results on the mobility of MOVPE-grown epitaxial
surfacé® and is easily etched away by KCN. All films inves- fims and of PVD-grown polycrystalline films have been
tigated are etched. From our previous PL sflidybecomes published befor€° and have been discussed in the Intro-
also clear that the defect spectrum of the material growrduction.
under Cu excess, although stoichiometric chalcopyrite, de- Figure 2 shows the temperature-dependent mohiity)
pends on the amount of Cu excess during growth. Overalbf four epitaxial films grown under small amounts of Cu
composition is determined by x-ray fluorescence and byexcess and kept in ambient air for different times. The mo-
energy-dispersive X-ray analysis of the unetched films. bility shows a similar behavior in the temperature depen-
dc Hall measurements are performed at magnetic induadence as has been observed before in MOVPE-grown epitax-
tions up to 4 T using a superconducting magnet and van déal layers with slight Cu exces¥: phonon scattering around
Pauw geometry with a high-impedance Hall multiplexerroom temperature and the transition to hopping conduction at
setup. For highly resistive samples at low temperatures thilbwer temperatures. The lines included in Fig. 2 are the fits
enables us to obtain sufficient Hall voltages. Constant-fieldo x~ T¥. The higher-temperature branch around room tem-
measurements applying current and field reversal are peperature follows al ~ 1 behavior, which is typical for scat-
formed on all samples. Temperature-dependent measureering by acoustical and optical phondfisat lower tem-
ments are carried out in the range from 80 to 350 K. Theperaturesk becomes positive and assumes large values
sample size is 1010 mn?, and evaporated Ni/Al contacts between 2 and 5. Those are much higher than expected for
show Ohmic behavior at all temperatures. The free carriedefect scattering and indicate the steep decrease of the mo-
concentrationp and Hall mobilitiesu are calculated from  bility with decreasing temperature that is typical for the tran-
Hall voltages and van der Pauw resistivity measurementsition to hopping conductiof?:** The temperature of the mo-
using the standard equations=r/qRy and w=a/qp, bility maximum can be considered as the onset temperature,
where Ry is the Hall coefficientg the elementary charge, below which the influence of hopping will show. The steep-
ando the conductivity. For both polycrystalline and epitaxial ness of the mobility decrease increases with the onset tem-
films the Hall scattering factaris assumed to be unity since perature. This is not surprising since with increasing defect
to our knowledge no data or calculations for chalcopyritedensity one expects the influence of hopping up to higher
materials exist and for polycrystalline materials other uncertemperatures and a stronger influence of hopping as seen by
tainties are probably much greater than any uncertainty in the steeper mobility decay. As a tendency, we observe the
This may lead to an underestimation of the carrier concenhigher onset temperature with longer exposition times to am-
tration and to an overestimation of the mobility. In the casebient atmosphere. This is the only difference from MOVPE
of two-path conduction, as will be discussed lateqRY  epitaxial CuGaSgfiims: in those films no change in ambi-
does not reflect the free carrier concentration anymore, but @ant atmosphere is observed. The onset temperature observed
superposition of carrier concentrations in the two paths, anéh the temperature dependence of the mobility correlates

"Will be labeled the apparent charge carrier concentration. De-
tails of the sample handling and Hall measurements of poly-
crystalline CuGaSgecan be found in Schulest al®

A. Mobility of PVD-grown epitaxial films
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” T~ " " The total number of available charge carriers equals the net
13131 8 Ty, ee® . ot | doping P, which results from the difference in acceptdy
L C N L o o epi2 | and donoMp concentrations:
10171 vvv A epi3 i
10161 : ﬁl':)aiéree1
o $ ! e b P+pp=P=Na—Np. 2
g 141 A poly2 !
=1071 P At high temperatures all defects are ionized ardP; thus,
nf:1013 poly: . .
51075 0 stoieh 3 Eqg. (1) is dominated byp, whereaspp can be neglected,
=104 O mocd 3 resulting in the well-known relationship for single-path
10" § e :ggg E transport. At low temperatures, on the other hand, all carriers
10" ; are located in the defects—i.@op~P—and p can be ne-

glected. Therefore at high and low temperatuRes equals
1/gP, with a maximum ofRy—i.e., a minimum of the ap-
parent carrier density in between. Samples with t{@e-

FIG. 3. Temperature dependence of a number of PVD-growrf€mperature-dependent carrier concentration show the mini-
epitaxial and polycrystalline and MOVPE-grown epitaxial samples.Mum, while typef2) samples only start to show the influence
Polycrystalline films are grown on Na containing and Na free glassOf hopping conduction; the minimum would occur at lower
Clearly seen is that a higher carrier concentration is associated wittemperatures.
a lower activation energy. Finally, type{1) samples do not show any significant in-

fluence of hopping within the measured temperature range.

with the temperature at which hopping starts to influence thd he difference is due to the defect density, as will be shown
apparent charge carrier concentration, as will be shown in thiter: higher defect density means highes and thus a
next paragraphs. more significant influence of hopping. In the following only

It is interesting to see that the temperature-dependent mdhe high-temperature part where the charge carrier concen-
bility of polycrystalline films also shows a transition just tration is dominated by band transport is considered since
below 200 K from band transport to hopping transport. Therghis transport mechanism allows the determination of defect
the transition shows up as a change in the mobility activatiorictivation energies and concentrations.
energy(see Ref. 19 for a detailed discussion A clear tendency is already seen without fitting the
data: with higher free carrier concentration the slope is
shallower—i.e., the acceptor activation energy is smaller.
Moreover, polycrystalline films grown on SLG show all a

The temperature dependence of the charge carrier concerather high net doping, while the film grown on AF glass
tration 1Ry (T) for a number of polycrystalline and epitax- (sample labeled “Na free’shows a considerably lower dop-
ial films is shown in Fig. 3. The charge carrier concentrationing level.
determined in the polycrystalline films is interpreted as the To extract detailed data on defect concentration and defect
carrier concentration in the bulk of the grains, since thedepths we use the charge-neutrality equat@n the Fermi
depletion zone along the grain boundaries is small comparedistribution for the density of acceptors occupied by holes:
to the grain sizé®*’ Three different types of curves can be

0003 0005 0007 0009 0011 0.013
TIK

B. Charge carrier concentration

distinguished: (1) those following an exponential freeze- 1

out behavior down to the lowest measurement temperatures, Po=Na E_E | (©)
(2) those with a small deviation from freeze-out behavior 1+g ex;{ FkT a)

with somewhat higher apparent carrier concentration, but

sélllt?onotq?r:cally falling V\_/ltr;hdecreasmgt temperature, atndwhereEF is the Fermi energyiz, the acceptor energy posi-
t(' ) folsl,e Wld ba minimum in de appar(tent.carrtler codnC(lan ra'tion, k the Boltzmann constang the degeneracy facters,
lon Toflowed by an increased concentration towards IOWely g the Boltzmann approximation for the density of free

temperatures. holes in the valence band:
The latter is exactly the behavior that is expected for a '
transport mechanism with two paths, band transport and de- E.—E
fect (hopping transport, having different temperature depen- p=Ny exp( — Fk v , (4)
dences. In such a two-path system the Hall coefficigpis T

; 8
given byf whereN,, describes the effective density of states in the va-

) ) lence band and is calculated assuming a relative effective
(PH"+ Posp) (1) hole mass of 1, an&, describes the energy position of the
a(pu+ppmp)?’ valence band edge. Equatio(®—(4) together result in a

quadratic equatidf which can be solved fop:
wherep and . denote the free carrier concentration and mo-
bility in the valence band andp and i the concentration p=—A+JAZ+gNy(No—Np)exp —E./kT), (5
and hopping mobility of holes in defectgis the elementary
charge. The Hall factor is assumed to equal 1 in E¢l).  with

H=
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TABLE I. AcceptorN, and donomNp concentrations, net dopirig, acceptor activation enerdy, , and
degree of compensatioK, of samples prepared by PVD (&pipolyx, Na-fre¢ and MPVPE (mok).

Sample Na (cm™3) Np (cm™3) P (cm™9) E, (MeV) K

epil 8.05¢< 106 7.37x10% 6.8x10% 141 0.92
epi2 2.2 10" 2.12x 10" 1.0x10% 128 0.96
epi3 5.51x 107 5.35x 10V 1.6x10' 112 0.97
epi4 1.71x 10 1.69x 10'8 2.0x10' 83 0.99
Na-free 7.2&% 108 7.11x 108 1.7x 10" 91 0.98
poly1 1.88< 10 1.84x 10 3.5x 10" 26 0.98
poly2 1.96< 10 1.91x 10 4.9x 10" 26 0.98
poly3 2.07x 10'° 2.03x 10" 3.8x 10" 20 0.98
poly4 1.06x 10'° 1.04x 10'° 2.0x 10" 32 0.98
poly5 2.48< 10" 2.43x 10" 4.5x 10" 13 0.98
poly6 4.17< 10 4.13x 10" 3.9x 10" 18 0.99
mocl 1.4x 10" 1.21x 10" 1.9x 10 116 0.86
moc2 1.96<10% 1.91x 10 4.2x 10" 29 0.98
moc3 4.0% 10 1.73x10'° 2.3x10' 137 0.43
moc4 1.28& 10 1.23<10'° 5.6x 10" 46 0.96
moc5 3.9% 10" 3.71x 10" 2.1x10% 14 0.95
moc6 7.90< 10'° 6.94x 10'° 9.7x 10% 125 0.88
moc7 7.2 10'° 4.98x 10 2.2x10% 130 0.69
moc8 1.68 10" 1.49x 10Y 1.9x10' 113 0.89
moc9 1.1 10% 1.07x10'8 5.0x 106 83 0.96
moc10 4. 7% 10" 4.41x 10 3.1x 106 117 0.93
mocil1l 7.26¢10° 2.41x 10'6 4.9x10'° 140 0.33

1 To clarify the question whether the appearance of differ-
A=5[Np+gNyexp(—Ea/kT)], ent acceptor activation energies is related to the existence of
various defects, the defect spectra are studied under optical
whereE,=E,—E, is the acceptor activation energy. Equa- excitation by photoluminescence measurements. An epitaxial
tion (5) is used to fit the data in Fig. 3, which are shown for sample with a thermal defect activation energy of 141 meV
selected samples only, for better visibility. The data are fittedepil) and a polycrystalline sample grown on soda-lime glass
in the whole temperature range for tyf-samples. Type- with an activation energy of 26 mefpoly1) are compared in
(2) and {3) samples are fitted in the high-temperature regionFig. 4. Part(a) shows the as-measured spectra. Both spectra
where no deviation from the Arrhenius-like freeze-out be-show as the main peak the well-known DA emission at about
havior occurs. The appearance of high defect concentrations62 eV (Ref. 36 together with three phonon replica at en-
combined with an extreme degree of compensations leads wrgies differences of 33 meV, the energy of the LO phonon,
an uncertainty in deriving the exhaustion value @fT),  as expected for samples grown under moderate Cu excess.
which equals?=(Np—Np). However, the fits result in val- Both spectra show also well-resolved exciton emissions
ues covering some orders of magnitudes, making these uEX). They differ somewhat in energy with the exciton en-
certainties negligible with respect to the deduced concluergy of the polycrystalline sample slightly higher by 7 meV;
sions. The results of the fit are summarized in Table I. Alargehis is due to a higher amount of strain in the epitaxial
variation of defect concentrations between ®10and  sample®® The epitaxial sample shows, in addition to
10'° cm3 is covered, resulting also in a large range of de-CuGaSe emission, near-band-edge emission from the GaAs
gree of compensatiolk =Np /N4, from 33% to 99%. This substrate. The intensity of the polycrystalline sample is about
comes along with a large variation of acceptor activationone order of magnitude higher than that of the epitaxial
energies from 10 to 140 meV. The sample labeled “stoich” issample. This is related to the higher defect density found in
different from the other ones in that it was grown underthe polycrystalline samplésee Table ), provided that the
negligible Cu excess and its over all composition is verydefects observed in the Hall experiment are optically active.
close to stoichiometry. It shows a very high carrier concenfor better comparison, paith) shows the spectra normalized
tration of 13° cm™2 at 300 K, which hints at degeneration. in intensity and shifted in energy; i.e., the spectrum of the
Therefore this sample is excluded from the analysis. It camolycrystalline sample is shifted down by 7 meV to have the
also be seen from Table | and Fig. 3 that the samples with thewo excitonic emissions at the same energy position. As can
highest acceptor concentrations are those that show a mirlde seen from Fig. @), besides some broadening of the spec-
mum in the apparent charge carrier density dependent ommum of the polycrystalline sample the two normalized spec-
temperature. tra seem to be identical. This indicates that the defects which
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— 10°4 FIG. 5. Activation energy vs third root of donor concentration
_g results in a linear relation.
3
ﬁ P been put forward, but to our knowledge no conclusive model
=107 has been reached up to date. The optical ionization energy of
B a defect is not known to vary with the defect dengity
g (which complies with the observation of identical PL spectra
E 102- in Fig. 4). Nevertheless, it has been observed in a wide range
e of semiconductor materiaf$® that the thermal defect acti-
§ vation energye, depends on the densityp :
10°4 Ea=Eo—aNg®, ©)
b) 1.45 1'50 1'55 1'60 1'65 1'70 1.75 with the infinite dilution limit Ey and a slopex typically

E around 4<10 8 eV cm.
[eV] In Fig. 5 the acceptor activation energies of the samples in
FIG. 4. Photoluminescence spectfB=(10 K,\=514.5nm) of 9. 3 and Table | are plotted versus the third root of the
an epitaxial and a polycrystalline sample with high and low thermalCOMpensating donor density. A linear dependence with a
activation energiesa) As-measured spectra aftn) spectra normal- ~ Slope a of (4.3+0.3)x10°° eVcm and an infinite dilution
ized in intensity and shifted in energy. Visible is the excitonic emis-limit of the activation energy of 1475 meV is found. This
sion (EX), a donor-acceptor-pair transitididA), and its phonon together with the photoluminescence results confirms the as-
replica (DA-LO) and emission from the GaAs substrg@aAs. sumption that all samples show the same acceptor defect
Note the logarithmic scale of the intensity. with an activation energy around 150 meV in the infinite-
dilution limit.
are involved in the light emission process in the sample with The fact that acceptor and donor densities exceed
the high acceptor activation energy and the sample with th&0*® cm™3 should imply the presence of strong potential

low acceptor activation energy are identical. fluctuations caused by their statistical distributf8mesulting
in the absence of sharp DA recombination peaks. However, it
IV DISCUSSION is known from chalcopyrites that the formation of defect

complexes—i.e., spatially correlated defects—is possfble.
We would like to discuss first the different acceptor acti- Thus strong potential fluctuations need not be expected even
vation energies and subsequently the observed defect coat high defect densities if donors and acceptors are not sta-
centrations showing the effect of self-compensation. tistically distributed, but are correlated in pairs or clusters. In
It was observed in 1949 by Pearson and Bardeen that theig. 6 we show the PL spectra of the stoichiometric sample
thermal defect activation energy, as determined by analysistoich” with charge carrier concentrations as high as
of Hall measurements, depends on the defect concert0'® cm 3. This implies even higher defect concentrations
tration—namely, linearly on the third root of the dendity. for this sample. The spectra is characterized by sharp DA
Later, it was shown that the effect occurs pronouncedly ipeaks, contradicting the presence of strong potential fluctua-
compensated semiconductors and the linear dependence tions caused by statistically distributed defects. As a conse-
the third root is not on the concentration of the defect itself,quence, we propose the existence of spatially correlated de-
but on the concentration of the compensating defécBev-  fect complexes. Differently from the PL spectra of Cu-rich
eral models from screening by free electrtite overlapping  samples as in Fig. 4 where the DA emission is correlated to
defect levels, band tailing, and fluctuating potentialsave  a 100-meV acceptdf, the stoichiometric sample is charac-
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terized by two DA emissions originating from two acceptors & o
at 60 and 100 me¥ At this point of research we are not E. 1074 e
able to relate the two different acceptors, found in PL stud- o
ies, to the acceptor at 150 meV in the infinite-dilution limit, . . *
as determined by Hall experiments. Further experiments us- AR PV a T
ing other methods of defect spectroscopy must be conducted 10" ¢ n
to clarify this matter. u
Despite these open questions, we now focus on the defectp, 1(')17 1618 1(')19 1620
densities of the studied samples. Covering more than 3 or- N, [cm]

ders of magnitude, as seen in Table I, this allows the study of

compensational effects over a wide concentration range. In FIG. 7. Degree of compensatidia) and net dopingb) as a

Fig. 7(a) we plot the degree of compensation for all samplegunction of acceptor density.

investigated versus the acceptor density. It becomes clear

that with increasing acceptor density the degree of compergenerated by Na. In fact, it is evident that Na increases the
sation also increases. When a certain acceptor concentratiolensity of intrinsic acceptor defects, but does not create a
is reached, the samples are almost completely compensatedw type of defect.

and seem to resist a further intringgadoping by generating
donors spontaneously. Two requirements are fulfilled for a
theoretical explanation of this phenomena: low or even
negative defect formation enthalpies and their dependence on Hall measurements have been performed on the ternary
the Fermi level® When including more acceptors in the ma- chalcopyrite CuGaSe

terial the Fermi level would shift down. This in turn de-  Unintentionally doped samples and Na-containing
creases the enthalpy of formation for the donor detéasd  samples are compared, as well as epitaxial and polycrystal-
thus more donors are formed, increasing the compensatiofine ones. The free carrier concentration and mobility as a
Self-compensation is evident. Nevertheless, the net doping f&inction of temperature indicate hopping conduction at a
increased with increasing acceptor concentration as seasmperature below approximately 250—200 K. The free car-
from Fig. 7b). When concentrating on the polycrystalline rier concentration in the temperature range dominated by
samples it is evident that the samples prepared on sodiuniband transport is fitted by the standard semiconductor statis-
containing glass show in fact higher net doping, as was obtics equations; acceptor activation energies and acceptor and
served before. But this is not due to a decreased compensdenor densities are extracted. Acceptor activation energies
tion as is generally believesee the Introduction On the  vary over a wide range. This is due to the wide range of
contrary the net doping increases in spite of an increasindonor densities investigated and the often-established depen-
compensation. From Figs. 4 and 5 it was concluded that allence of the majority defect activation energy on the minor-
samples show the same defect. The Na-containing samplé@y defect concentration. In addition, the photoluminescence
show no additional transition in PL and fit very well into the spectra of samples with very different acceptor activation
dependence dE, on Né’3 defined by the epitaxialNa-fre energies and defect concentrations can basically be identical.
samples. There is no hint at an additional acceptor defes€oncerning the transport properties, it could be shown that

V. SUMMARY AND CONCLUSION
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all samples are dominated by the same defect with athe increased net doping observed in Na containing chal-
infinite-dilution limit of 150 meV. It is shown that the degree copyrites is due to a reduced degree of compensation. Our
of compensation increases with increasing acceptor densitjnvestigation shows that the contrary is the case: the net

Thus direct evidence of self-compensation by intrinsic dedoping increases in spite of an increased compensation.
fects is given. We propose that the existence of spatially
correlated defect complexes plays an important role in the

defect chemistry of CuGa$eThe nature of the DA recom- ACKNOWLEDGMENTS
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